Introduction
A chromophore is required to be introduced in low ultraviolet (UV) absorbing molecules, such as a-amino acids, amino thiols and amino alcohols, for their detection. Sanger introduced dinitrofluorobenzene (DNFB) as a reagent (known as Sanger's reagent) for N-terminal labeling of amino acids; the DNB moiety acted as a good chromophore for chromatographic identification of amino acids to determine their sequence in insulin (1) . In 1984, Marfey used difluorodinitrobenzene (DFDNB) to synthesize 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (FDAA, popularly known as Marfey's reagent) by nucleophilic substitution of one of its F atoms with L-Ala-NH 2 and the reagent was used for the first time for enantioseparation of five amino acids by HPLC (2). Marfey's reagent can be regarded as a chiral variant of Sanger's reagent.
(S)-Naproxen (Nap, 6-methoxy-a-methyl-2-naphthaleneacetic acid) has a molar absorptivity (e) higher than 100,000 owing to methoxy substituted naphthyl residue and is commercially available as pure (S)-enantiomer. For these features, derivatives of (S)-naproxen have been synthesized and used as chiral derivatizing reagents (CDRs) for enantioseparation of amino group-containing analytes; these include (a) N-succinimidyl-(S)-2-(6-methoxynaphth-2-yl) propionate (3); (b) (S)-1-(1H-benzo(d) (1, 2, 3) triazol-1-yl)-2-(6-methoxynaphthalen-2-yl)propan-1-one (4, 5) ; and (c) N-phthalimidyl-(S)-2-(6-methoxynaphth-2-yl) propionate (6) for enantioresolution of different amino group-containing compounds, deprived of UV absorbing chromophoric moiety.
Many important molecules such as vitamin B 12 (7) , and polypeptide antibiotics (mycotoxins), which are also called as peptaibols, contain one or the other moiety of b-amino alcohols like 1-amino-2-propanol, phenylalaninol and leucinol (8) . Besides, (S)-(þ)-2-amino-1-butanol is used to derive methylergometrin (9) , a semi-synthetic ergot alkaloid. Several important drugs including b-blockers, sympathomimetic agents including ephedrine and pseudoephedrine and hormones like adrenaline and noradrenaline are structurally considered to belong to this category. Application of amino alcohols and their derivatives in asymmetric transformations (e.g., 1,2-additions, ring-closure reactions, conjugate additions, and a-functionalization of carbonyl compounds) for organic synthesis has been reviewed (10) . Thus, enantioresolution of b-amino alcohols ( Figure 1 ) acquires a significant biological and pharmaceutical importance.
b-Amino alcohols do not have an ultraviolet/visible (UV/Vis) absorption property that is why their derivatization (either with achiral or chiral reagent) is a must-required step prior to HPLC separation. The first report of enantioseparation of non-aromatic amino alcohols (i.e., alaninol and valinol) was achieved via their derivatization using CDRs based on DFDNB and liquid chromatography-mass spectrometry (11) . Enantioseparation of b-amino alcohols has earlier been achieved in this laboratory by indirect approach using DFDNB-based CDRs (12) and (S)-N-(4-nitrophenoxycarbonyl) phenylalanine methoxy ethyl ester (13) .
As noted above, derivatization is required to introduce a chromophore in low UV absorbing molecules even for their separation and detection by direct approach. Direct separation using chiral stationary phases (CSPs) require expensive chiral columns and a chromophore detector during HPLC. Many times, the CSP columns may not be stable enough. Separation of diastereomeric pair via indirect technique is indeed simpler to perform and often has better resolution than with a direct method because chromatographic conditions are much easily optimized on inexpensive reversed-phase achiral columns and CDRs can provide highly sensitive detector response in bioanalysis work related to analysis of enantiomers, especially in cases requiring sensitive determination in biological samples.
With this paper, we demonstrate a scientific novelty in terms of the synthesis of a new UV absorbing chromophoric CDR, benzimidazole-(S)-naproxen amide, [(S)-Nap-BImz], and its application for HPLC enantioseparation of eight b-amino alcohols (namely, DL-alaninol (Alaol), DL-leucinol (Leuol), DL-prolinol (Prool), DL-phenylalaninol (Pheol), DL-phenylglycinol (Phgol), DL-valinol (Valol) , DL-homophenylalaninol (Hpheol) and DL-methioninol (Methol) . Thus, the focus of investigation is on enantioseparation of amino alcohols with enhanced UV absorption characteristics which is a must for enantio-(bio)analysis and hence showing future of the work in enantio-(bio)analysis. The method was further validated for accuracy, precision and limit of detection (LOD).
Experimental section
Chemicals and materials (S)-Naproxen, benzimidazole, 4-dimethylamino pyridine (DMAP), dicyclohexyl carbodiimide (DCC) and all the racemic and pure L-and D-amino alcohols were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glacial acetic acid, sodium hydrogen carbonate and pyridine of analytical grade, and acetonitrile and methanol of HPLC grade were obtained from E. Merck (Mumbai, India). Double-distilled water purified (18.2 MV cm 3 ) with Milli-Q system (of Millipore, Bedford, MA, USA) was used throughout.
Instrumentation
The HPLC system consisting of a 10 mL pump head 1000, manager 5000 degasser, fixed wavelength UV detector 2500, manual injection valve and operating software was from Knauer (Berlin, Germany). Other equipment used were Microwave-Multiwave 3000 (of 800 W, Perkin-Elmer, Shelton, CT, USA), pH meter Cyberscan 510 (Singapore), Polarimeter P-3002 (Kru¨ss, Hamburg, Germany), Perkin-Elmer 1600 FT IR spectrometer (Boardman, OH, USA), Vario EL III elemental analyzer and Shimadzu UV-1601 spectrophotometer.
1 H NMR spectra were recorded on a Bru¨ker 500 MHz instrument using deuterated chloroform.
To the solution containing (S)-naproxen (Nap, 250 mg; 1.08 mmol) and benzimidazole (BImz, 128 mg; 1.08 mol) in dichloromethane (10 mL), DCC (450 mg; 2.16 mmol) and DMAP (14 mg; 0.11 mmol) were added and stirred vigorously for 4 h at room temperature. A white precipitate of dicyclohexyl urea appeared on completion of reaction and was removed after filtration. The filtrate was concentrated in vacuo and the residue was re-dissolved in ethyl acetate (10 mL). The extract was washed five times with water, five times with brine solution, five times with concentrated NaHCO 3 and finally 10 times with 1 N HCl before drying over MgSO 4 and the solvent was removed from the washed extract under reduced pressure. The residue was recrystallized from hexane to obtain the desired CDR as crystals. The CDR was characterized by IR, UV, CHN, 1 H NMR and 13 C NMR and the relevant characterization data is given below.
Color 
Microwave-assisted synthesis of diastereomers
To the solutions of DL-leuol (100 mL, 40 nmol, in H 2 O) and (S)-Nap-BImz (150 mL, 65 nmol, in acetonitrile; a mole ratio of DL-leuol to (S)-Nap-BImz 1:1.6) in a Teflon tube of 1.5 mL, triethylamine (60 mL, 6%) was added and reaction mixture was then irradiated under microwave for 35 s at 75% (of 800 W) and then cooled to room temperature. The reaction was quenched by addition of HOAc (1 M, 60 mL). A 10 mL volume of resulting solution, containing the diastereomers, was diluted 10-fold with MeCN, and 20 mL of it was injected onto the column.
The aforementioned conditions for synthesis of diastereomers were optimized by performing various experiments with different mole ratio of DL-leuol vs (S)-Nap-BImz (in the range of 1-to 4-fold mole excess of (S)-Nap-BImz), and microwave irradiation (MWI) conditions (for 15 -65 s at an interval of 10 s; at 75% power). The optimized method was applied to the synthesis of the diastereomers of rest of the amino alcohols with [(S)-Nap-BImz].
Chromatographic conditions
Reversed-phase HPLC was performed on a Waters Spherisorb ODS2 (250 Â 4.6 mm I.D., 5 mm) column with the mobile phase consisting of triethylammonium phosphate (10 mM, pH 4.0) -acetonitrile (MeCN) in a linear gradient of MeCN from 35 to 65% within 45 min at a flow rate of 1.0 mL/min and UV detection at 231 nm. Triethylammonium phosphate (TEAP) buffer solution was prepared by diluting triethylamine to 10 mM with ultra-purified water and adjusting to pH 4.0 by addition of phosphoric acid.
Validation studies
The method validation was done according to ICH guidelines (14) using diastereomers of DL-leuol prepared with (S)-NapBImz. Regression equations and slopes were determined by plotting calibration curves for peak areas versus concentrations. By derivatizing standard solutions of different known concentrations recovery studies were carried out and mean recovered values (six replicate runs) were represented as percentage of calculated values. Relative standard deviation (RSD) and precision was obtained by intra-day assay and inter-day assay (5 days) stability studies. LOD of the method was also evaluated.
Results
The CDR and the diastereomers The reaction for the synthesis of CDR is shown in Figure 2 . The chiral purity of [(S)-Nap-BImz] was established according to earlier reports (15) . The scheme for the synthesis of diastereomers of DL-leucinol with the CDR is shown in Figure 2 as the representative. The experimental conditions for synthesis of diastereomeric pairs of all the eight amino alcohols were optimized with respect to the effect of the reagent excess (1-to 4-fold molar excess), effect of base and MWI time (15, 25, 35 , 45 and 55 s each at 70, 80 and 90% power). The mixture of the two diastereomers so formed under each change in experimental conditions was subjected to HPLC resolution and the peak areas corresponding to the two resolved diastereomers, calculated by system software, were taken as a measure of complete derivatization.
A molar ratio of 1:1.6, [DL-Leuol]: [(S)-Nap-BImz], in triethyl amine (60 mL, 6%) at a pH around 10.0 using MWI (35 s at 75% of 800 W) was found optimum since these conditions corresponded to maximum diastereomeric peak areas (representing the completion of reaction) and were, therefore, used for all the eight amino alcohols.
HPLC
The chromatographic parameters retention factor (k), resolution factor (a) and resolution (R S ) for the resolved diastereomers are given in Table I . The total eight pairs of diastereomers were well separated under the reversed-phase HPLC conditions. D-Isomer was found to elute, with the mobile phase, prior to L-isomer in all the eight cases. Sections of chromatograms showing resolution of diastereomers are shown in Figure 3 .
Effect of pH and concentration of buffer used in mobile phase Keeping the concentration of buffer used in the mobile phase at 10 mM, the effect of pH of the mobile phase on the resolution of diastereomers of Leuol was studied within the pH range of 2.5 -6.0. TEAP buffer was used to investigate within the range of pH 2.5 -4.5 and the best resolution was observed at pH 4.0. To study the effect of pH within the range 4.5 -6.0, triethylammonium acetate buffer was used and it was found that the diastereomers were not resolved in this pH range. Thus keeping the pH of TEAP buffer constant at 4.0, effect of varying buffer concentration was studied within the range of 5 -40 mM. Peak broadening was found with a decrease in concentration of TEAP buffer ,10 mM and little difference in resolution was found when buffer concentration was .10 mM (up to 40 mM; with a change of 5 mM at a time). Higher buffer concentrations were not used since these could harm the column.
Effect of organic solvents
Both the gradient and isocratic elution modes were investigated using binary mobile phases consisting of an organic modifier (MeCN or methanol) and a buffer (TEAP or triethylammonium phosphate). Sharp peaks were obtained under gradient elution. Flow rate of 1.0 mL/min was found as optimized and was applied throughout the experiment.
Method validation
The experimental method was validated with respect to linearity, accuracy and precision for the diastereomers of DL-Leuol prepared with [(S)-Nap-BImz] and summarized as below. 
Accuracy and precision
The intra-day assay and inter-day assay studies for accuracy and precision were carried out by replicate HPLC analysis (n ¼ 6) of DL-leuol at three concentrations (50, 100, 150 pmol). The relative standard deviation (%) for L-and D-leuol varied from 0.48 to 1.04 and 0.92 to 0.97 for intra-day assay precision and 0.83 to 1.26 and 0.96 to 1.24 for inter-day assay precision. The percentage recovery for L-and D-leuol varied from 98.2 to 100.2 and 99.0 to 100.1 for intra-day assay and 96.4 to 100.1 and 96.7 to 100.3 for inter-day assay.
To determine the LOD, corresponding to the signal-to-noise ratio of 3, the recoveries of L-leuol from the solution containing excess of D-leuol was investigated. Solution of D-leuol was spiked with fixed amount of L-leuol within the range of 0.01 to 0.20%. The results indicate the ability of this method for detection up to 0.08% of L-leuol in D-leuol by HPLC. Coefficients of the regression for all the compounds along with the standard deviation of each coefficient were worked out in order to assess and ascertain the potential of the novel reagent (reported in this paper) to control the enantiomeric purity of the eight analytes under study, but the results were found to be almost similar. The observed LOD values for all the diastereomers were in the range Where Dt is the difference between the retention times of the separated diastereomers, k L is the retention factor of L-enantiomer, a is stereoselective factor and R S is the resolution of the diastereomers of corresponding amino alcohols; mobile phase was aq TEAP (10 mM Since the sensitivity is mainly due to the naproxen moiety figures of merit are specifically given for a single racemate.
Stability and yields (of CDR and diastereomers)
Validation studies concluded that the CDR, [(S)-Nap-BImz], was quite stable for 1 month while the solution of diastereomers of leuol was quite stable up to 1 week under refrigerated condition (48C). It was investigated after long-term (refrigerated at a temperature of 48C) and short-term (room temperature) storage as a function of storage conditions including the container system and their chemical properties. The evaluation also included stability of the analyte in stock solution and situations encountered during actual sample handling and analysis. The recovery studies of the two eluted diastereomers (based on "Accuracy and Precision" studies) served as a measure of their yields of the order of 98%, since recovery of all eluted diastereomers for intra-day assays was found to be more than 97.9%.
Discussion
The CDR, (S)-Nap-BImz, was synthesized by nucleophilic attack of BImz on the carbonyl carbon of the carboxylic acid of (S)-Nap followed by the removal of dicyclohexylurea; the reaction in the presence of DMAP and DCC, under mild conditions, yielded [(S)-Nap-BImz] the CDR in an excellent amount (.92%). There was observed slight kinetic resolution at lower ratios of [DLLeuol]:[(S)-Nap-BImz] (i.e., lower than 1:1.6) and no derivatization was observed in the absence of triethylamine. MeCN was found to be a better organic modifier in comparison with methanol as broader peaks (and even no resolution in a few cases; chromatograms are not shown with respect to methanol organic modifier) and larger retention times were observed with methanol. Thus mobile phase composed of MeCN and TEAP buffer was found to be the best and these best results are shown in Figure 3 . The reason for broader peaks shapes and higher retention times with methanol may be because of its lower dielectric constant (33) and higher viscosity (0.59 cP at 258C) in comparison with acetonitrile which has a higher dielectric constant (37.5) and lower viscosity (0.38 cP at 258C).
Though simultaneous resolution of 16 peaks (or 8 pairs of diastereomers) is not possible but examination of the data given in Table I for the Rs values (from Figure 3 ; for the retention time values) show significant difference for the compounds at serial number 1, 2, 3, 4 and 6 and thus this set of five compounds can be easily separated simultaneously.
Resolution mechanism
Since the pH of the mobile phase is around 4.0 ( pH of TEAP buffer, used in the mobile phase) and is considerably acidic, the hydroxy group of the analyte will be affected and the ionic interactions play a role in resolution of the diastereomers. Besides, the structural features influence hydrophobicity of diastereomers and contribute to the overall separation process. The following factors may contribute to the hydrophobicity of diastereomers: (i) presence of naphthyl group in the reagent moiety of the diastereomers, (ii) partial double bond character of the amide bond formed due to delocalization of lone pair of electrons between the nitrogen and the carbonyl group of the amide group and (iii) the side chain present in the amino alcohols (2R; Figure 4 ). It can be interpreted that the hydrophobic interactions of the two diastereomers with the reversed-phase material of the column are responsible for their different partition coefficients resulting into different retention times and thus resolution.
The amino alcohols (Alaol, Leuol, Pheol, Valol and Metol) can be arranged in their decreasing hydrophobicity order as Leuol . Valol . Pheol . Metol . Alaol; based on partial specific volumes (values given in parenthesis) of corresponding amino acids, Leu (0.842) . Val (0.777) . Phe (0.756) . Met (0.709) . Ala (0.691), calculated by Bull and Breese (16) . This is reflected in the observed increase in the retention times and resolution values of the synthesized diastereomers of amino alcohols (Table I; entries 1, 2, 4, 6 and 8) with increase in the hydrophobicity of corresponding amino alcohols.
The probable mechanism behind the elution order for the particular set of diasteoreomers of amino alcohols can be explained with the help of analogous cis-trans-type arrangement models of Marfey's reagent-based diastereomers of amino acids (11, 17, 18) and our recent work based on enantioseparation of selenomethionine using (S)-Nap based moiety (6) .
In the [(S), L]-diastereomer of DL-leuol (a representative case, for example) prepared by using (S)-Nap-BImz, the hydrophobic groups, -CH 2 CH(CH 3 ) 2 on stereogenic center of Leuol and -CH 3 on the stereogenic center of (S)-Nap-BImz would have orientation on the same side with respect to the amide bond and hence would be considered as cis-type arrangement ( Figure 4A) ; on the other hand, in the [(S), D]-diastereomer the hydrophobic groups, -CH 2 CH(CH 3 ) 2 and -CH 3 would have orientation on the opposite side with respect to the amide bond and hence would be considered as trans-type arrangement ( Figure 4B ).
The partial double bond character in the amide bond with restricted rotation around C -N (of amide) bond is held responsible for these cis-and trans-type steric orientations. The cis-or transtype arrangements are responsible for difference in hydrophobicities and hence for the elution order of the particular set of diastereomers. The experimental observation of prior elution of [(S), D]-diastereomer before [(S), L]-diastereomer also supports the said mechanism (as proposed above) because the [(S), D]-diastereomer with trans-type arrangement interacts less strongly with the ODS material of C 18 column than the [(S), L]-diastereomer) having cis-type arrangement, and hence has a shorter retention time or earlier elution.
Conclusion
The newly developed CDR, amide derivative of (S)-naproxen, was advantageous on the following accounts: (i) it was synthesized under mild conditions within 4 h and was stable for 1 month, (ii) the microwave-assisted synthesis of diastereomers of b-amino alcohols, using this CDR, required only 35 s (at 75% of 800 W power), (iii) it provided a UV detection of diastereomers at an LOD of 0.5 -2.5 pmol under HPLC separation, (iv) it did not require protection from light at any stage of experiment, i.e., during its synthesis or during the synthesis of diastereomers though protection from light was essential (while use of DFDNBbased CDRs (12) for the enantioseparation of b-amino alcohols required protection from light), and (v) it provided better resolution and lower LOD in comparison with earlier report (13) .
Thus the CDR can successfully be applied to check the trace amount of an enantiomer of any of aforementioned amino alcohols present in its antipode. Successful enantioseparation of these (amino acid analogues) b-amino alcohols contradicted the fact that the presence of a-carboxyl group is necessarily required for enantioseparation of amino acids (17, 18) .
In recent times, most of the bioanalysis works based on HPLC have been replaced by LC -MS-MS-based methods. Even then utility of latter is limited in enantioseparation because it cannot distinguish two enantiomers. Hence in the coming years of bioenantioanalysis, our method will provide fruitful enantioseparation and detection assay of amino alcohols enantiomers in several biological samples. Moreover, it may be added that CSPs have their own limitations, providing low LOD (in mmol range) and less durability while the present indirect approach showed LOD value in pmol range that is an additional advantage and will be good for bio-enantioanalysis.
